In yeast, the whole metabolic pathway for making 16-and 18-carbon fatty acids is carried out by fatty acid synthase, a 2.6 megadalton molecular-weight macromolecular assembly containing six copies of all eight catalytic centers. We have determined its crystal structure, which illuminates how this enzyme is initially activated and then carries out multiple steps of synthesis in each of six sterically isolated reaction chambers. Six of the catalytic sites are in the wall of the assembly facing an acyl carrier protein (ACP) bound to the ketoacyl synthase domain. Two-dimensional diffusion of substrates to the catalytic sites may be achieved by the electrostatically negative ACP swinging to each of the six electrostatically positive catalytic sites. The phosphopantetheinyl transferase domain lies outside the shell of the assembly, inaccessible to ACP that lies inside, suggesting that the attachment of the pantetheine arm to ACP must occur before complete assembly of the complex.
INTRODUCTION
Fatty acids are key components of the cell, and their synthesis is essential for all organisms except archaea. They are major constituents of cellular membranes and are used for posttranslational protein modifications that are functionally important. Saturated fatty acids are the main stores of chemical energy in organisms. Deregulation of fatty acid synthesis affects many cellular functions and may result in aberrant mitosis, cancer, and obesity (Kuhajda, 2006; Lupu and Menendez, 2006; Ronnett et al., 2005; Saitoh et al., 1996) .
The de novo synthesis of fatty acids is carried out by fatty acid synthase (FAS), which catalyzes cycles of multistep chemical reactions that are essentially the same in all organisms. FAS uses one acetyl-coenzyme A (CoA) and seven malonyl-CoA molecules to synthesize the 16-carbon palmitic acid, the most abundant fatty acid in eukaryotes (Lynen, 1980) (Figure 1A ).
Despite the conserved reaction mechanisms, FAS systems are remarkably diverse and are divided into two types based on the organization of their catalytic units. Type I FASs are highly integrated multienzymes that contain all catalytic activities of the cyclic reaction as discrete domains on a single polypeptide chain (a) or on two different polypeptides (a and b). Type I FASs are further divided into two subgroups. The first subgroup is the animal FAS that is active as a 2 homodimers (Smith et al., 2003) . The second, microbial, subgroup comprises some bacterial type I FASs, which are a 6 hexamers, and fungal FASs, which are a 6 b 6 dodecamers (Schweizer and Hofmann, 2004) . Bacterial, plant, and mitochondrial FASs belong to the type II FAS systems, the components of which, in contrast to the type I, are small independent proteins. Each protein usually catalyzes a single step of the multistep cyclic reaction (White et al., 2005) .
Yeast FAS, a member of the fungal type I FAS family, contains six copies of eight independent functional domains in an a 6 b 6 molecular complex of 2.6 MDa. Each of the a and b subunits contains four functional domains (Fichtlscherer et al., 2000; Mohamed et al., 1988) (Figure 1A) . These eight functional domains catalyze all reactions required for synthesis of fatty acids in yeast: activation, priming, multiple cycles of elongation, and termination. All these reactions occur in a limited space inside the a 6 b 6 complex (Lynen, 1980) . The activation of yeast FAS is achieved by its phosphopantetheinyl transferase (PPT) domain located at the C terminus of the a subunit (Fichtlscherer et al., 2000) . PPT attaches the 18 Å 4 0 -phosphopantetheine prosthetic group (pantetheine arm) of CoA to the acyl carrier protein (ACP) domain that is positioned at the N terminus of the a subunit ( Figure 1A , reaction 1). ACP plays a central role in the entire synthesis process by shuttling among the catalytic centers of the FAS complex all of the substrate intermediates that remain covalently linked to the SH terminus of the pantetheine arm. The location of PPT and ACP on the same polypeptide chain is a unique feature of yeast FAS (Schweizer and Hofmann, 2004) . The amino acid sequence of yeast PPT has a low degree of similarity with those of other phosphopantetheinyl transferases (Lambalot et al., 1996) .
The priming reaction is catalyzed by the acetyltransferase (AT) domain located close to the N terminus of the b subunit. AT initiates fatty acid synthesis by loading the acetate primer from acetyl-CoA onto the SH group of the ACP pantetheine arm ( Figure 1A , reaction 2). A unique characteristic of yeast FAS is the existence of a separate AT domain that has exclusive specificity for the priming substrate, acetyl-CoA, and discriminates against the elongation substrate, malonyl-CoA (Schuster et al., 1995) . In contrast, animal type I FAS multienzymes use the same malonyl/acetyltransferase domain to load either the priming or the elongating substrate onto ACP (Smith et al., 2003) . In bacterial type II FAS systems, the acetate primer is directly transferred from acetyl-CoA to the enzyme b-ketoacyl-ACP synthase III (FabH) that catalyzes the first condensation reaction in the chain elongation cycle (White et al., 2005) .
Elongation cycles begin when ACP delivers the acetate primer to the active-site cysteine on the ketoacyl synthase (KS) domain located in the a subunit ( Figure 1A , reaction 3). Subsequently, the empty ACP moves to the malonyl transacylase (MPT) domain located at the C terminus of the b subunit in order to acquire the malonyl group of the elongation substrate, malonyl-CoA ( Figure 1A , reaction 4). ACP then delivers the bound malonate back to the KS domain for chain elongation. KS condenses its bound acyl group with the ACP-bound malonate to a 3-ketoacyl intermediate ( Figure 1A , reaction 5). This twocarbon-longer 3-ketoacyl intermediate is then processed sequentially three times to produce the saturated fatty acid ( Figure 1A , reactions 6-8). The ketoacyl reductase (KR) domain in the a subunit catalyzes the first step of substrate reduction, followed by a dehydration reaction catalyzed by the dehydratase (DH) domain in the b subunit. A second reduction reaction is catalyzed next by the enoyl reductase (ER) domain in the b subunit. ACP shuttles the reaction intermediates between active centers during processing and subsequently brings the processed acyl chain back to the KS domain for the next cycle of elongation ( Figure 1A , reaction 3).
Termination occurs when the length of the fatty acid chain reaches 16 or 18 carbons. The product, palmitic or stearic acid, is delivered by ACP from ER to the active center of MPT, where it is transferred to the SH group of CoA and then released ( Figure 1A , reaction 9). This reaction is the second reaction catalyzed by MPT, which is therefore a malonyl/palmitoyl transacylase that catalyzes both the transfer of elongation substrates and the transfer of the final product (Lynen, 1980) . Perhaps the most striking feature of fungal FAS is its high degree of architectural complexity, in which 48 functional centers exist in a single a 6 b 6 particle. Detailed structural information is essential for delineating how this complex particle coordinates the reactions involved in many steps of synthesis of fatty acids. The structures of fungal FAS have been studied by immunoelectron microscopy (Wieland et al., 1978) , single-particle cryo-electron microscopy (Kolodziej et al., 1996) , and X-ray crystallography (Jenni et al., 2006) . These studies show that the a 6 b 6 fungal FAS forms a barrel-shaped hollow body separated at the equator by a wheel-like structure with three spokes. The 5 Å -resolution X-ray electron density map further allowed the placement of the known structures of the homologous bacterial enzymes that catalyze individual steps of the cyclic reactions, except for ACP and PPT (Jenni et al., 2006) .
We have now determined the atomic structure of the yeast Saccharomyces cerevisiae FAS derived from two crystal forms of the enzyme that were obtained by a fortuitous accident. While attempting to crystallize the yeast 40S ribosomal subunit, we obtained instead these crystals of FAS, which cosediments at 40S with the small ribosomal subunit. Though the electron density maps are at only modestly high resolution (4 Å ), their quality is superb due to 9-fold noncrystallographic averaging, thereby allowing us to enhance the visibility of side-chain electron density through sharpening to trace the entire polypeptide backbone (minus a few disordered regions) for both chains and to position 50% of the protein side chains. In contrast to the previous structural studies of fungal FAS (Jenni et al., 2006) , we have now been able to observe that the ACP resides within the particle chamber, while unexpectedly, the activating PPT domain is observed to lie outside of the particle. The six a subunits form a central wheel in the assembly, and the b subunits form domes on the top and bottom of the wheel, creating six reaction chambers within which each ACP can reach the six active sites through surprisingly modest movements. This structure now provides a complete framework for understanding the structural basis of this macromolecular machine's important function.
RESULTS

Structure Determination
The crystal structure of the yeast S. cerevisiae fatty acid synthase was determined at 4 Å resolution from two crystal forms with space groups P2 1 and P4 3 2 1 2, respectively (see Table S1 in the Supplemental Data available with this article online). Initial phases were obtained by the molecular replacement method using the C a coordinates of homologous domains that were previously placed in a lowresolution map of fungal FAS (Protein Data Bank ID code 2CDH) (Jenni et al., 2006) . Despite the fact that these C a atoms represent less than 5% of the total mass of the FAS particle, the model-based phases were dramatically improved by interactive cycles of 9-fold noncrystallographic averaging in the two crystal forms. The final electron density map is of exceptional quality, uncharacteristic of its 4 Å resolution, as judged by the appearance of electron density for many side chains ( Figures 1B-1D ). This allowed us to build with confidence a model that contains main-chain backbones for 1687 aa (out of 1887 aa) of the a subunit and all of the b subunit, as well as about 50% of the amino acid side chains.
Overall Structure
Our model of the 2.6 MDa a 6 b 6 fatty acid synthase ( Figure 2A ; Movie S1) comprises all of the eight catalytic domains that are required for fatty acid synthesis, including ACP and PPT, which were previously unobserved (Jenni et al., 2006) (Figure 2C ). ACP is located inside the hollow particle and presumably moves within a limited space, which we call the reaction chamber. The active sites of the catalytic domains that are required for priming, elongation, and termination are embedded in the chamber walls facing inward. As a consequence of their spatial arrangement, only one unique set of six catalytic centers is accessed by a particular ACP domain. The overall interior of the FAS particle therefore contains six separate reaction chambers. Interestingly, the PPT domains, which activate ACP, lie outside the particle and are inaccessible to ACP because they are on the opposite side of the particle wall. The external position of the PPT domain has profound implications for the FAS activation mechanism and the assembly of the FAS particle, as described in the Discussion.
The complex architecture of the FAS particle is maintained by structural domains and linkers that make up about half of the molecule ( Figure 2B ). These domains provide the framework that holds the particle together and orients the catalytic domains. Their sizes and complexity range from a simple loop or helix to large domain structures with distinctive folds. We used the Dali server (Holm and Park, 2000) to search for proteins that have structures similar to these domains and found none. They consequentially represent new folds and may have evolved independently to tether and orient the multiple active centers of fungal FAS for efficient catalysis.
The barrel-shaped FAS particle is separated into two halves by a wheel-like structure at the equator formed by the a subunits ( Figure 2C ). This central wheel consists exclusively of six a subunits and has a point-group symmetry of 32 (D3). The dome is formed by a trimer of b subunits that lie on each side of the a subunit wheel (Figure 2D ). The two b trimers do not interact with each other and are only held together by interactions with the a subunits on the equator. The particle is 270 Å long and 230 Å wide at the equator, and its width tapers to 160 Å at the end of the barrel. The overall smooth exterior surface of the FAS particle is disrupted at the equator by three pairs of 30 Å protuberances (Figures 2A and 2C) , each of which is composed of two PPT domains.
Domain Organization of the a Subunit
The a subunit of yeast FAS is composed of four functional domains and two structural domains (SDa) that are positioned in the sequence in the following order: ACP, SD1a, KR, KS, SD2a, and PPT ( Figure 3A ). The catalytic domains are located at the ''rim'' and the protuberance of the central wheel, while the structural domains form the central scaffold that contains the ''axle,'' the ''hub,'' and the ''spoke'' of the wheel ( Figure 2E ).
The central player in the reaction of fatty acid synthesis-ACP-lies at the N terminus of domain 1 (residues 137-305) and is located above the hub of the wheel inside the FAS reaction chamber ( Figure 2C and Figure 3B ). This domain is composed of eight a helices and is divided into two subdomains. The ACP subdomain (residues 147-217) lies close to the periphery of the wheel, and the second subdomain, a four-helix bundle, is positioned near the center axle. The structure of the ACP subdomain is similar to that of decanoyl-ACP of Escherichia coli (Roujeinikova et al., 2007) (Figure 3C ; Table S2 ).
In our structure, ACP interacts with a KS dimer at the dimer interface via the N terminus of the ACP helix a2, which is a conserved region known to be important for ACP to interact with the catalytic domains of type II FAS (Zhang et al., 2003) . This region of ACP contains Ser180, which was identified biochemically to be the active site (Mohamed et al., 1988; Schreckenbach et al., 1977) . The C a atom of Ser180 faces the deep cavity of the KS active site and lies about 18 Å from the C a atom of the KS catalytic residue Cys1305. This distance is about the length of the pantetheine arm, and, therefore, the observed ACP is presumably in an active conformation. In addition, the second subdomain of domain 1 interacts with the hub of the central wheel. There is no electron density in the map for the N-terminal 136 residues and for about 60 residues that follow domain 1. Presumably these residues form a flexible region that allows ACP to move inside the chamber and reach the reaction centers.
The striking architecture of the internal core of the central wheel is formed by two structural domains from six a subunits ( Figure 2E ). The first structural domain (SD1a, residues 360-420) is an L-shaped helix-turn-helix (HTH) motif that forms the axle and spoke of the central wheel. The N-terminal helix of SD1a is perpendicular to the plane of the wheel with three helices coiled above the plane and three below. These two inversely oriented trimers surround the 3-fold axis and comprise the axle at the center ( Figure 2E ). The C-terminal helix takes a sharp turn of about 90
, and three pairs of helices form the three spokes of the wheel ( Figure 2E ). The second structural domain of the a subunit (SD2a, residues 1110-1173) is an insertion in the C terminus of KS. SD2a extends toward the FAS center via a two-stranded arm. The core fold of the domain comprises a three-stranded b sheet packed against an a helix. Two SD2as dimerize by pairing their b sheets side by side, thereby forming a six-stranded b sheet. They are located between spokes and around the axle and form the hub of the wheel ( Figure 2E ).
The KR domain (residues 680-940) forms the core of domain 3 (residues 420-970; Figure 3D ). The KR domain has all characteristics of the adenine dinucleotide phosphate (NADPH) binding Rossmann-fold domains (White et al., 2005) and superimposes well on that of the b-ketoacyl carrier protein reductase of Brassica napus (Fisher et al., 2000) (Table S2 ; Figure S1A ). The Ser-Tyr-Lys triad residues shown previously to be involved in the catalysis and substrate binding in bacterial homologs (White et al., 2005) are identified in the KR active site to be residues Ser827, Tyr839, and Lys843 from our structural and sequence alignments ( Figure 3D ). The KS domain (domain 4, residues 1015-1109 and 1074-1661) has a thiolase fold ( Figure 3E ). The topology of the core of this domain is homologous to that of the bacterial counterpart of KS, which is the b-ketoacyl synthase I (KAS I) (Olsen et al., 1999) (Table S2 ; Figure S1B ). Our structural and sequence alignments show that the KS residues Cys1305, His1542, and His1583 correspond to the catalytic triad of the KAS I/II family of condensing enzymes (White et al., 2005) , and Phe1395 corresponds to the invariant phenylalanine of the hydrophobic substrate binding pocket in KAS I (Zhang et al., 2006) .
The PPT domain (domain 6, residues 1747-1887) lies at the C terminus of the a subunit ( Figure 3A) . The PPT domain is structurally homologous to its bacterial counterpart, Bacillus subtilis acyl carrier protein synthase (AcpS) (Parris et al., 2000) ( Figure 3F ; Table S2 ). The superimposition of the PPT and AcpS structures reveals that the conserved amino acid residues of yeast PPT (Lambalot et al., 1996) are located in the a subunit protuberance near a dimer interface ( Figure 2C and Figure 3F ). This interface is composed of two pairs of long antiparallel helices (sr2) ( Figures 3A and 3E ), which separate two PPT domains and prevent the formation of a CoA binding site observed in the AcpS trimer (Parris et al., 2000) . This suggests that the PPT domains are in an inactive conformation in the assembled yeast FAS particle.
Domain Organization of the b Subunit
The b subunit of yeast FAS is composed of four functional domains and four structural domains (SDb) in the following order: SD1b, AT, ER, SD2b, SD3b, DH, SD4b, and MPT ( Figure 4A ). Unlike the structural domains in the a subunit, which are small and rely on multimerization to form unique domains, those in the b subunit are large, distinctive domains that function individually. Domain 1 (SD1b, residues 1-136) lies at the N terminus of the b subunit and forms a trimer interface around the 3-fold axis on the apices of the FAS barrel structure ( Figure 2D ). Previously, SD1b was interpreted to be the PPT domain of the a subunit (Jenni et al., 2006) . Our electron density map of yeast FAS unambiguously identifies this region as being the N terminus of the b subunit.
Two domains exhibiting a similar fold are located on opposite ends of the b subunit. The first is the AT domain (domain 2, residues 155-547), which uses exclusively acetylCoA as a substrate, is located just after SDb1 ( Figure 4A) , and exists only in fungal FAS I systems. The second is the MPT domain (domain 8, residues 1616-2051) located at the C terminus of the b subunit ( Figure 4A ). Both domains have an a/b-hydrolase fold as a core structure as well as an insertion of a smaller ferredoxin-like subdomain (Figures 4B and 4C ). They are structurally homologous to E. coli malonyl transacylase (FabD) (Oefner et al., 2006; Serre et al., 1995) (Table S2 ; Figure S3A ). The interface between the hydrolase and the ferredoxin subdomains forms a gorge containing the active site at its end (Serre et al., 1995) . The gorge in the yeast AT domain, especially around the active site, is narrower than those in MPT and FabD ( Figure 4B ; Figure S3A ), which have the same size and accommodate the same substrate, malonate. Structural and sequence alignments identified four conserved active-site residues in the AT and MPT domains, which correspond to Gln11, Ser92, Arg117, and His201 required for catalysis and substrate recognition in FabD (Figures 4B and 4D ). Among these, the arginine residue involved in the recognition of the free carboxyl group of the malonyl substrate in FabD (Oefner et al., 2006 ) is changed to an isoleucine in the yeast AT domain, whereas MPT has the same active-site residues as FabD.
In the AT domain, the first loop of the ''helical flap,'' which is believed to form the binding site for the ACP (Keatinge-Clay et al., 2003) , is shifted toward the active site by about 3 Å compared to its position in MPT or FabD ( Figure S3A ). These structural differences might contribute to the exclusive specificity of AT for the acetate substrate. The helical flap of the MPT domain has an insertion that extends toward the KR domain of a neighboring a subunit and forms an interface between MPT and KR. A tunnel-like cavity, emanating from the active site, is formed by this insertion and the side of the helical flap (Figure S3B ). This cavity is long enough to accommodate a palmitoyl or stearyl group attached to ACP, which is delivered to MPT during the termination step of fatty acid synthesis.
The ER domain (domain 3, residues 583-855 and 999-1065) uses flavin mononucleotide (FMN), in addition to NADPH, as a cofactor for catalysis, which is a distinctive feature of fungal FAS (Fox and Lynen, 1980; Lynen, 1967) . The yeast ER domain has the TIM-barrel fold (Figures 4A and 4E). It shows the strongest structural similarity to the 2-nitropropane dioxygenase (NPD) from Pseudomonas aeruginosa (Ha et al., 2006) , with a Z score of 27.7 (Table S2; Figure S2B ), significantly higher than that of 12.5 for superimposition with the spinach glycolate oxidase placed in the lower-resolution map of fungal FAS (Jenni et al., 2006) . The electron density map of yeast FAS clearly shows a bound FMN at the same position as in the NPD structure ( Figure 1B) . Although FMN was not present in the crystallization buffer, it is known that it always remains bound to the yeast FAS during purification (Lynen, 1969) .
The DH domain (domain 6, residues 1235-1378 and 1493-1614, Figure 4A ) is composed of two subdomains of the ''hot-dog fold,'' which was first identified in FabA, the E. coli dehydratase of type II FAS (Leesong et al., 1996) . Two subdomains (DHn and DHc) are arranged side by side as a pseudodimer, which creates a 10-stranded antiparallel b sheet ( Figure 4F ). The structure of the DH pseudodimer aligns best with that of the yeast Candida tropicalis 2-enoyl-CoA hydratase 2 (Koski et al., 2004) (Table S2 ; Figure S2A ). The alignment allows the active-site amino acid residues of DH to be identified as Asp1559 and His1564 in the C-terminal subdomain (DHc, Figure 4F ). This confirms that there is only one active site in the yeast DH pseudodimer, in contrast to the two active sites formed in the 3(R)-hydroxyacyl-ACP dehydratase homodimers of type II FAS (White et al., 2005) . 
DISCUSSION
The crystal structure of yeast FAS reveals that this large, macromolecular assembly functions as a six-chambered reactor for fatty acid synthesis. Each of the six chambers functions independently and has in its chamber wall all of the catalytic units required for fatty acid priming, elongation, and termination, while one substrate-shuttling component, ACP, is located inside each chamber and functions like a swinging arm. Surprisingly, however, the step at which the reactor is activated must occur before the complete assembly of the particle since the PPT domain that attaches the pantetheine arm to ACP lies outside the assembly, inaccessible to ACP that lies inside. Remarkably, the architectural complexity of the FAS particle results in the simplicity of the reaction mechanisms for fatty acid synthesis in fungi.
Two-Dimensional Diffusion of Substrate Delivery by a Swinging ACP
The geometry of ACP and the catalytic centers suggests an elegant mechanism by which ACP delivers substrates to the catalytic centers via two-dimensional diffusion in a swinging manner ( Figure 5 ). Several structural features clearly support this model. First, ACP is a rigid domain that is tethered at one end to the center of the FAS particle via a flexible hinge region, while its opposite end that contains the substrate attachment site faces the active centers in the chamber wall. This suggests that ACP may function as a rigid body and that the flexible hinge allows ACP to swing in order to delivery substrates. The swinging movement of ACP is further supported by the distances between the hinge region, the pivot point of the rotation, and the active centers. These distances range between about 70 Å to 80 Å , which matches the distance between the hinge region and substrate-binding end of the pantetheine arm attached to ACP. As a consequence, a pure swinging motion of ACP is sufficient to deliver substrates close to all of the active centers. This results in a two-dimensional diffusion process for substrate delivery, which significantly increases the effective concentration of the substrates on top of that already achieved by the compartmentalization of the reactions inside the FAS particle. Presumably, conformational changes can occur in the hinge region when ACP swings. That, together with the flexibility of pantetheine arm, will allow substrates to reach their exact positions in the catalytic centers.
The Reaction Pathway in Six Independent Reaction Chambers
The spatial arrangement of ACP and catalytic centers allows us to deduce the pathway traveled by each ACP to deliver substrates to a unique set of reaction centers, which identifies six separate and independent reaction chambers in the FAS particle, three in each half-barrel ( Figure 5 ; Movie S2). Our criteria for defining the unique set of reaction centers and the travel path for each ACP are the following. First, the distances between these reaction centers and the ACP hinge region should be the shortest ones and should match the length of ACP. Second, ACP should shuttle substrates between the shortest pair of reaction centers. Third, when ACP moves among these reaction centers, there should be no steric hindrances, and different ACPs should not cross each other's paths because of the large size of each ACP domain and the hinge region. Notably, the structural insertion (sr1) in the KS domain forms a divider that helps to define the reaction chamber ( Figure 5B ). Using these criteria, we conclude that each reaction chamber is composed of seven catalytic centers from two a and two b subunits. In case of reaction chamber 1, they are ACP and KR from a1, KS from a2, MPT and DH from b1, and AT and ER from b3 (numbering as in Figure 2 ). Upon being primed at the AT domain located in the ceiling of the chamber, ACP subsequently lowers its position to shuttle substrates in the elongation cycles (KS/MPT/KS/KR/DH/ER) and finally brings the fatty acid to the MPT domain for product release.
Several experimental observations support this proposal that the independent reaction chamber consists of catalytic centers from more than one set of a and b subunits. Our model explains the unusually high frequency of intra-allelic complementation of yeast FAS mutations (Dietlein and Schweizer, 1975) , in which mutation in a distinct domain of one subunit can be complemented by the coexpression of the allelic subunit with mutation in another domain. The KS and KR domains in our model come from two a subunits, which would predict about 25% restoration of activity for their complementary mutations. This was experimentally observed in vivo and in vitro for the reconstituted a subunit mutants (Werkmeister et al., 1981) . Moreover, the fact that the expression of truncated b subunit (DDH, DMPT) was able to complement a b subunit mutation at the ER domain (Chirala et al., 1987 ) also supports the model proposed here.
Electrostatic Loading Docks for ACP at the Catalytic Centers
Substrate delivery by ACP is achieved by its docking onto the catalytic domains primarily through the electrostatic interactions, seen in the interface between ACP and KS and indicated by the surface electrostatic charge potential distributions around other active centers ( Figure 6A ). In the present FAS structure, ACP is bound to the KS domain, which represents, to our knowledge, the first structure of an active ACP complex with a FAS catalytic domain. The interface is not extensive, involving only about ten amino acids near Ser180, the pantetheine arm attachment site located at the tip of ACP. The small interface is perhaps expected because the substrate-delivering role of ACP requires a weak and transient interaction. We calculated the surface charge potential distribution around the active centers of KS, KR, AT, and MPT. A striking feature that emerges is a prominent positive patch next to the active-site cavity of each catalytic domain. In the interface observed between ACP and KS, this positive patch harbors the negatively charged helix a2 of ACP, which has been proposed to be a ''recognition helix'' for recruiting ACP to the active centers (White et al., 2005) . It is likely that these positive patches serve as electrostatic loading docks for ACP. This is supported by extensive biochemical studies leading to the conclusion that ACP interacts with different enzymes through a conserved set of electrostatic and/or hydrophobic contacts (Zhang et al., 2003) .
The current position of ACP on the KS domain is stabilized by additional interactions between the four-helix bundle in domain 1 that lies C-terminal to ACP and the ''hub'' domain in the central wheel ( Figure 6B ). These interactions would be absent from the interactions of ACP with other catalytic domains, which may explain in part why ACP is not randomly distributed among six different active centers. Functionally, this means that ACP stays significantly longer at the KS domain than at all other active centers. This is required because KS catalyzes the condensation reaction, which is a critical step in which precise stereochemistry of two substrates (malonate and acyl chain) needs to be satisfied. In addition, ACP moves twice to the KS domain during each elongation cycle, which effectively doubles the probability of an ACP-KS complex.
Activation of ACP by PPT before the Particle Assembly
The location of the yeast PPT domain outside of the FAS particle immediately suggests that the activation of ACP, which is located inside the particle, must occur before the particle is fully assembled. Because the yeast FAS particle has a rigid wall structure whose pores are not large enough for the passage of either ACP or PPT, the catalytic attachment of the pantetheine arm to ACP must take place before the formation of the particle wall. This wall is formed mainly by the b subunits, which means that activation occurs before the association of the a and b subunits. The activation step could occur either after dimerization of two a subunits forms a PPT dimer or subsequent to the assembly of the entire a 6 hexamer. Several observations support this proposal. The active site of the bacterial homolog of PPT is formed at its dimeric interface, possibly inside a trimer (Lambalot and Walsh, 1995; Reuter et al., 1999; Parris et al., 2000) . In addition, monomeric PPT was found to be inactive when individual PPT and ACP domains of yeast FAS were cloned and expressed (Lambalot and Walsh, 1995) . Furthermore, in order to bring the active centers of ACP and PPT together, their relative orientations must be different from that observed in the full FAS particle. We further postulate that the a 6 hexamer is the platform for the subsequent assembly of the b subunits after ACP activation. This agrees well with the finding that the b subunit in its monomeric form is able to catalyze multiple enzymatic reactions, while the a subunit needs a higher aggregated state for its enzymatic activities (Wieland et al., 1979) .
The requirement for activation of ACP before the particle is completely assembled could explain a series of intriguing biochemical experiments. The ACP of a mutant FAS, in which the PPT domain has been deleted, cannot be activated simply by mixing it with a complementary FAS mutant carrying wild-type PPT but lacking ACP activity. However, when both mutants are dissociated, mixed, and subsequently reassociated, the resulting hybrid FAS has about 20% of the wild-type FAS activity and about 50% of the activity of the same hybrid FAS formed in vivo (Fichtlscherer et al., 2000) . The formation of an active hybrid in vitro is critically dependent on the addition of CoA, demonstrating that PPT is able to transfer the pantetheine arm from CoA to ACP during the dissociationreassociation process.
Substrate Discrimination for Priming and Elongation
Yeast FAS uses the size and surface charge/hydrophobicity property at the substrate-binding pocket to select acetyl-CoA at the AT domain during priming and the malonylCoA at the MPT domain during elongation. Both domains transfer the acyl group from the CoA thioester to ACP. Sequence and structural alignments identify Arg1834 in the MPT domain to be the invariant Arg117 in FabD, which forms a salt bridge with the carboxylate group of the malonyl moiety (Oefner et al., 2006) , explaining this domain's preference for malonyl-CoA as substrate. In contrast, two properties of the active-site gorge of AT dictate its exclusive specificity for acetyl-CoA. First, the AT gorge is narrower than those of MPT and FabD so that the malonyl moiety cannot be placed close enough to the catalytic residue Ser274 without clashing with surrounding amino acids ( Figure 4D) . Moreover, the amino acid residue corresponding to the invariant Arg117 in FabD is changed to an isoleucine in AT. The replacement of the positively charged arginine by the hydrophobic isoleucine could shift the substrate preference to an uncharged and more hydrophobic acetate moiety of the acetyl-CoA. Indeed, the mutation of the corresponding arginine to an alanine in the acyltransferase domain of rat FAS decreased the substrate specificity for malonyl-CoA by three orders of magnitude and, at the same time, increased the specificity for acetyl-CoA by two orders of magnitude (Rangan and Smith, 1997) .
Termination and Initiation of the Next Round of Fatty Acid Synthesis
The tunnel-like cavity that lies near the active site of the MPT domain may explain a second catalytic activity unique to fungal FAS-the transfer of the final palmitic/ stearic acid product from ACP to CoA during the termination step (Engeser et al., 1979; Schuster et al., 1995) . The length of the tunnel is sufficient to accommodate a 16-or 18-carbon chain, and the end of the tunnel is hydrophobic ( Figures S3B and S3C ). This means that only the palmitic/stearic acid is long enough to reach the hydrophobic region and consequently become a stably bound substrate of MPT. It was posited nearly three decades ago that, at some distance from the active center, ''a hydrophobic region participates in recognition of the palmitoyl residues'' (Engeser et al., 1979) . The partially open side of the tunnel is adjacent to a large pore on the FAS particle, which presumably facilitates the release and diffusion of palmitoyl-CoA outside of the FAS complex.
The existence of this product-binding tunnel next to the active center also has implications for control of the initiation of fatty acid synthesis. A bound palmitoyl-CoA product would block the binding of the elongation substrate, malonyl-CoA, to the MPT active site. As a consequence, only acetyl-CoA at the AT domain would be available for ACP to bind. This ensures both the termination of the reaction and that the priming substrate, acetate, enters the next round of fatty acid synthesis at the very start. This controlling mechanism increases the efficiency of the fatty acid synthesis and is different from the ping-pong mechanism proposed for all other FAS systems (White et al., 2005; Smith et al., 2003) .
The ER Domain as a Target for Antimicrobial Studies
Targeting the enoyl reductase in fatty acid synthesis has been shown to be a viable antibacterial approach (Zhang et al., 2006) . Antifungal compounds designed to target yeast ER may be safe to the host because yeast and animal ERs belong to different families of enoyl reductases. A unique property of the yeast ER is its use of FMN as an intermediate hydrogen carrier, a hallmark of the recently discovered FabK family of bacterial enoyl-ACP reductases. (Heath and Rock, 2000; Marrakchi et al., 2003; White et al., 2005) . In contrast, the FabI-like enoyl reductase in animal type I FAS systems directly transfers the reduction hydrogen from NADPH to the fatty acid intermediate (Lynen, 1980) , suggesting that different chemistry is used for catalysis. The sequence and structure of the yeast ER are not similar to those of FabI enzymes. Instead, the amino acid sequence of yeast ER has over 30% similarity to that of FabK enzymes ( Figure S4 ). Moreover, FabK enzymes were discovered by their appearance as the source of bacterial resistance that developed to the antibiotic triclosan (Heath and Rock, 2000) , to which yeast type I FAS is also resistant (Torkko et al., 2003) . This structure of a FabK-like yeast enoyl reductase should assist the investigation into the source of this antibiotic resistance and might enable structure-based design of antibacterial and antifungal pharmaceuticals.
EXPERIMENTAL PROCEDURES
Purification S. cerevisiae cells were harvested at log phase, washed, and frozen in liquid nitrogen. Seventy grams of cell pellet was thawed, and cells were disrupted in a Microfluidizer at maximum pressure. The lysate was cleared and FAS was pelleted by overnight centrifugation at 70,000 3 g. The pellet was dissolved and centrifugated through a 10 ml sucrose cushion, loaded onto a 10%-40% linear sucrose density gradient, and centrifugated again. FAS-containing fractions were dialyzed and run through an anion exchange (see Supplemental Data). The concentrated enzyme (6 mg/ml) has a light yellow color because of the presence of bound FMN (Lynen, 1969) .
Crystallization and Data Collection
Two crystal forms with space groups P2 1 and P4 3 2 1 2 were grown by the sitting-drop vapor diffusion method from a 7:3 mixture of sample (7 ml) with a solution (3 ml) containing 15% PEG 3350, 20 mM HEPES-KOH (pH 7.5), 3 mM magnesium acetate, 0.3 M KCl, 30 mM CaCl 2 , and 1 mM DTT. Both crystals diffracted to a resolution of 4 Å at synchrotron beamlines. The P2 1 crystal rapidly decayed upon exposure to X-ray, resulting in weak data in the highest resolution shell. Data were processed using HKL2000 (Otwinowski and Minor, 1997) . The statistics are summarized in Table S1 .
Structure Determination and Model Building
The structure was solved by molecular replacement with the program Phaser (McCoy, 2007) using the C a atom coordinates of homologous domains that had been fitted to a 5 Å resolution map of fungal FAS by Jenni et al. (2006) (PDB ID code 2CDH). Dramatic phase improvements were achieved by interactive cycles of 9-fold NCS averaging between the two crystal forms using the program Dmmulti (Cowtan and Main, 1996) . The careful construction of envelope masks around the density used for averaging masks was crucial in bringing up the electron density corresponding to the less well-ordered ACP and PPT domains. The use of weak data in the P2 1 crystal form and the sharpening of the diffraction data amplitudes by a B factor of À120 significantly improved the quality of the electron density map. The detailed procedures used for phase extension and improvement will be published elsewhere (Y.X., unpublished data). Although the resolution limit of our diffraction data is 4 Å , the extremely well-determined phases arising from the averaging procedures produced an electron density map in which the side chains of a majority of the amino acid residues could be seen. The final model was rebuilt with the graphics programs O (Jones et al., 1991) and Coot (Emsley and Cowtan, 2004) , in which about 50% of the residues were built as polyalanine. Surprisingly, our electron density map shows additional residues that are not predicted from the available amino acid sequence of the b subunit of yeast FAS. These $100 extra residues are dispersed as several segments in the C-terminal part of the MPT domain based on sequence and structural alignments of functional homologs of MPT domains. We have been unable to verify the molecular weight of the b subunit with either electrophoresis or mass spectroscopy. A rigid-body refinement and iterative cycles of positional and individual B factor refinement using CNS (Brunger et al., 1998) gave the final model an R factor /R free of 31.9%/34.6%. The success of the refinement was aided by including the NCS-averaged phases in the maximum-likelihood target function and imposing a tight 3-fold NCS restraint. The refinement statistics are summarized in Table S1 .
Supplemental Data
Supplemental Data include Supplemental Experimental Procedures, Supplemental References, two tables, four figures, and two movies and can be found with this article online at http://www.cell.com/cgi/ content/full/129/2/319/DC1/.
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